Abstract Waves of elevated intracellular free calcium that propagate between neighboring astrocytes are important for the intercellular communication between astrocytes as well as between neurons and astrocytes. However, the mechanisms responsible for the initiation and propagation of astrocytic calcium waves remain unclear. In this study, intercellular calcium waves were evoked by focal photolysis of a caged calcium ionophore (DMNPE-caged Br A23187) in cultured astrocytes from newborn rats. The focal photolysis of the caged compound resulted in the increase in intracellular calcium in a single astrocyte, and this increase then propagated to neighboring astrocytes. We also analyzed the spatiotemporal characteristics of the intercellular calcium waves, and estimated the propagation pathways for them. The method using a caged calcium ionophore described in this study provides a new in vitro model for the analysis of intercellular calcium waves.
Introduction
Waves of elevated intracellular free calcium that propagate between neighboring astrocytes constitute a newly discovered form of nonsynaptic long-range signaling in the brain (Cornell-Bell et al. 1990) . Although the function of such waves is not yet fully understood, glial calcium waves possibly provide an information-processing system operating in parallel with neuronal circuits within the nervous system (Guthrie et al. 1999) . Previous findings have revealed that the glial calcium waves modulate the neuronal activity (Nedergaard 1994; Newman and Zahs 1998) and that the neuronal activity can directly evoke glial calcium waves (Dani et al. 1992) . Therefore, these findings have transformed the classical view of astrocytes as passive, structural, and supportive cells to cells that may actively participate in information processing (Parpura et al. 1994) .
It has been generally accepted that intercellular calcium wave propagation involves the intracellular and extracellular calcium signaling pathways in astrocytes (Charles 1998) . One mechanism of intercellular calcium waves includes the diffusion of the intracellular calcium releaser, inositol-1,4,5-trisphosphate (IP 3 ), across gap junctions (Nedergaard 1994) . As an extracellular calcium signaling molecule, ATP is released from stimulated astrocyte, and results in the P2Y 1 purinoceptor-coupled calcium increase in neighboring astrocytes (Cotrina et al. 1998; Fam et al. 2000) . However, the detailed mechanisms for propagation of calcium waves are not completely understood.
In most previous studies on the subject, mechanical (Fujita et al. 1998; Fam et al. 2000; Cotrina et al. 2000) or electrical (Hassinger et al. 1996; Guthrie et al. 1999) stimulation has been used to induce propagating calcium waves in cultured astrocytes. Local application of chemicals such as ATP was also used to evoke astrocytic calcium waves (John et al 1999) . Indeed, the mechanical stimulation of single or several astrocytes with a glass pipette is a simple, but biochemically poorly defined, method of triggering intercellular calcium waves (Paemeleire and Leybaert 2000) . Such a protocol may occasionally result in the destruction of stimulated astrocytes, and the resultant changes in the ionic and/or metabolic environment around intact astrocytes may initiate calcium waves. In addition, although the local application of chemicals such as ATP consistently evokes calcium waves in cultured astrocytes, it too would contribute to wave propagation (Cotrina et al. 2000) . Therefore, a novel and more sophisticated protocol to initiate or trigger calcium waves in cultured astrocytes will be required to elucidate the functional roles of these waves in signal processing.
A significant tool for cell biology is the ability to uncage bioactive molecules over a rapid time scale, while observing the consequences for cellular signaling (Parpura and Haydon 1999) . The development of several caged compounds including caged transmitters such as glutamate and GABA, and caged intracellular messengers such as cAMP, cGMP, and IP 3 , as well as other molecules such as caged nitric oxide (NO), has provided a novel analytical tool for the study of intricate intracellular signal transduction pathways (Lipp and Niggli 1998; Wiesner and Hagen 1999) .
In this study, intercellular calcium waves were evoked by focal photolysis of a caged calcium ionophore in cultured astrocytes from newborn rats. The photolysis of a caged compound resulted in an increase in intracellular calcium in a single astrocyte, and the increase then propagated to neighboring astrocytes. This new in vitro model for analyzing calcium waves is less noxious to astrocytes than mechanical stimulation.
Materials and methods
The animal experiments conformed to the Principles of laboratory animal care (NIH publication no. 85-23, revised 1996) , as well as the Guide for the care and use of laboratory animals, Hokkaido University School of Medicine.
Cell culture
Glial cells from postnatal day 1-3 rat pups were obtained using a modified version of a method reported previously (Hassinger et al. 1995) . In brief, the cortical hemispheres were removed, cleaned, and dissociated using 0.01% papain (Boehringer Mannheim)-cysteine solution and mechanical trituration. Cells were placed on poly-l-lysine-coated glass coverslips at 5,000 cells/cm 2 and were maintained in 80% Dulbecco's modified Eagle's medium (DMEM; Gibco BRL, Grand Island, NY), 10% Ham's F-12 nutrient mixture (F-12; Gibco BRL) and 10% fetal bovine serum at 37C in a humidified atmosphere of 95% air and 5% CO 2 . The medium was removed from coverslips and replaced with fresh culture medium 48 h later and twice a week thereafter. The experiments described here were performed on astrocytes maintained for 2-3 weeks in culture.
Immunohistochemistry
Astrocytes and neurons were identified by immunostaining with antibodies against glial fibrillary acidic protein (GFAP) and microtubule-associated protein 2 (MAP-2), respectively. Cultured coverslips were fixed for 30 min with 4% paraformaldehyde-PB (pH 7.4) at room temperature. After three more washes in phosphate-buffered saline (PBS) (0.02 M, pH 7.25), coverslips were blocked with 1% normal goat serum in dilution buffer (DB; containing PBS, 0.1% bovine serum albumin, 0.05% NaN 3 ) for 30 min at room temperature and were then incubated overnight at 4C with primary antibody (monoclonal anti-GFAP, 1:400 or monoclonal anti-MAP-2, 1:1,000, Sigma) in DB. Coverslips were then rinsed 3 times in PBS and were incubated with secondary antibody in DB for 60 min at room temperature. Biotinylated goat anti-mouse IgG (Vector Laboratories, Burlingame, CA) was used as secondary antibody. Coverslips were washed 3 times in PBS and stained using an avidin-biotin-peroxidase (ABP) complex reaction Loading of astrocytes with calcium indicator and caged calcium ionophore The cultures were incubated at 37C for 60 min with the acetoxymethyl ester of fluo-3 (fluo-3-AM, 10 M; Molecular Probes, Eugene, OR) and 0.02% Pluronic F-127 (Sigma, St. Louis, MO). Fura-2 AM (excitation wavelengths 340 and 380 nm) has been commonly used for determining the intracellular calcium concentration. However, caged calcium ionophore, DMNPE-caged Br A23187 (Molecular probes), is uncaged by the wavelengths of 330-385 nm light, and these wavelengths are the same range of fura-2 AM for the measurement of intracellular calcium. Therefore, in this study, we used fluo-3 (excitation wavelengths 480 and 500 nm) for estimating the intracellular calcium concentration. All experiments were performed in EBSS containing 1.5 mM Ca 2+ and 1.5 mM Mg 2+ , supplemented with hydroxyeicosapentaenoic acid (HEPES) (25 mM) and d-glucose (5.5 mM), pH 7.3. Loading of astrocytes with caged calcium ionophore was done by incubating cells in EBSS containing 20 M DMNPE-caged Br A23187 for 15 min at 37C. In some experiments, Ca 2+ -free EBSS containing 1 mM ethyleneglycol-bis (b-aminoethylether)-N, N, N', N'-tetraacetic acid (EGTA, Sigma) was used.
Calcium imaging and photolysis of caged compound After the loading of astrocytes with fluo-3 AM, the cultures were rinsed 2 times in experimental solutions, and allowed to deesterify for an additional 15 min at 37C. Fluorescent images were acquired at 2-s intervals with a cooled CCD camera (C4880-80; Hamamatsu Photonics, Hamamatsu). An analysis of the acquired images was done with an image processing and measuring system (Aquacosmos; Hamamatsu Photonics). The control image (F0) was that of the target astrocyte 5 s before focal photolytic flash. Changes in the calcium concentration within the astrocytes were monitored by examining changes in the fluorescence intensity (F) of each cell relative to the control image. The relative fluorescence intensity (F/ F0) was used for evaluating the astrocytic response.
DMNPE-caged Br A23187 was photolysed using an epifluorescence attachment on a microscope (IX-FRA-CAGED; Olympus, Tokyo) equipped with an electronic shutter. A 100-W mercury lamp was used as the light source. The shutter was mounted between the lamp housing and the main body to control the timing and duration of UV exposure via a computer-controlled shutter driver/timer (S-65L; Sigma Koki, Tokyo). The light was filtered by a U-MWU (330-385 nm, peak 360 nm) fluorescence cube, and attenuated before passage through an objective lens of an Olympus IX70 microscope. The duration of the photolytic flash was usually set at 1 s, and this amount of UV light did not induce astrocytic cell death as confirmed by observing changes in cell morphology, and by staining cells with propidium iodide (PI).
The propagation of calcium waves was analyzed using a series of images taken at 2-s intervals. Distances were measured from the center of the flashed circular area (diameter 50 m) for uncaging DMNPE-caged Br A23187. The arrival of the calcium wavefront was defined as a rise in relative fluorescent intensity above 1.20. In some experiments, the conductance of gap junction channels between astrocytes was reduced by 12-doxyl stearic acid (DSA), which is known to reversibly block gap channels formed by connexin43 (Cx43) (Burt 1989) and by 2-bromo-2-chloro-I, I, Itrifluorothane (halothane) (Fujita et al. 1998) . In addition, a widespectrum P2Y purinoceptor blocker, suramin (Scemes et al. 2000) , a competitive antagonist at IP 3 receptor, heparin (Idestrup and Salter 1998) , and a phospholipase C inhibitor, U-73122 (Venance et al. 1997; Willmott et al. 2000) , were used to investigate whether previously suggested mechanisms for the initiation and propagation of calcium waves are also involved in the photolytic flash-induced calcium waves. Astrocytic cultures were incubated in EBSS containing 300 M DSA (Molecular Probes), 500 M halothane (Astra Zeneca, UK), 100 M suramin (Sigma), 5 M U-73122 (Calbiochem, San Diego, CA) or heparin (1 mg/ml, Wako) for 15 min at 37C.
Statistical analysis
Data were statistically analyzed using Student's t-test as indicated in the text. P values <0.05 or 0.01 were considered as statistically significant differences.
Results
An immunohistochemical analysis of 2-to 3-week cell cultures revealed that MAP-2-positive cells comprised less than 5% of the population, and thus more than 95% of cells were GFAP-positive astrocytes. Figure 1 shows an example of the results of such immunostaining. GFAPpositive astrocytes bore long processes and had a nearly flat morphology (Fig. 1A, C) . In this example, a few MAP-2-positive neurons were identified, but other cells were stained only faintly with a MAP-2 antibody (Fig. 1B,  D) .
Photolytic flash-induced calcium waves
We first determined the appropriate duration of flash for the photolysis of DMNPE-caged Br A23187 and investigated whether such photolytic flash could induce calcium waves to propagate in our astrocytic cultures. The photolytic flash of different durations was applied for uncaging caged calcium ionophore (Fig. 2) . The photolytic flashes of 0.125 and 0.25 s duration did not evoke a marked rise in intracellular calcium both in the flashed astrocyte and in the neighboring cells ( Fig. 2A, B) . The flash of 0.5 s duration, however, evoked an intracellular calcium increase in about 10% of astrocytes (Fig. 2C) , and that of 1.0 s duration evoked more than 50% of them (Fig. 2D) within a radius of 100 m from the center of the Fig. 3A2 ). The intracellular calcium increase then propagated to neighboring astrocytes (cells 2-6 in Fig. 3A2, B) . Propagating calcium waves were evoked in more than 50% of the astrocytic cultures tested.
We then analyzed the relationship between the distance from the center of the flashed area and the time of the calcium response in other astrocytes. Figure 4 summarizes the data from 34 cells in 7 cultures. There Cultured astrocytes were loaded with calcium indicator, fluo-3/ AM, and focal photolysis of caged calcium ionophore was performed without (A) or with 300 M DSA and 100 M suramin (B) just after (A1, B1), 30 s after (A2, B2), and 60 s after (A3, B3) the flash. C shows the change in relative fluorescence intensity after the photolytic flash of a single astrocyte indicated by an arrow in A2 and B2. D shows the mean ratio increase € SD of this cell from five independent experiments (*P<0.01 vs control). The ratio increase reflecting the rise in intracellular calcium was significantly depressed in the presence of DSA and suramin. The flashed area is indicated by a pink circle in A1 and B1. Color bar on the right indicates the scale of ratio intensity. Intracellular calcium increases from dark blue to red through yellow. Scale bar 100 m was a tendency for the delay in the calcium response to increase as the distance increased. The mean propagation velocity of the calcium waves calculated from the linear regression line was about 4.12 m/s.
Extracellular calcium influx is required for wave induction
We demonstrated here that propagating calcium waves could be evoked by photolysis of a caged calcium ionophore. However, there remains a possibility that the UV light flash for uncaging the ionophore affects the cell metabolism and causes the increase in intracellular calcium. Thus, we then investigated whether the photolytic flash itself induces a calcium response, and whether the influx of extracellular calcium into the flashed cell would be required for the induction of the waves (Fig. 5) . The fluorescence ratio images show the intracellular calcium of the flashed cell at two different time points: just after (Fig. 5A1, B1 , C1) and 30 s after (Fig. 5A2, B2 , C2) the photolytic flash. Relative fluorescence intensity in Fig. 5D represents the intracellular calcium response of the same cell indicated by arrows. The photolytic flash resulted in a rapid increase in intracellular calcium when DMNPE-caged Br A23187 was present in the experimental solution (Fig. 5A1, A2 , red curve in D). However, the photolytic flash itself did not induce a detectable increase in calcium when DMNPE-caged Br A23187 was absent (Fig. 5B1, B2 , blue curve in D). In addition, the flash did not induce a response in the calcium-free solution even when DMNPE-caged Br A23187 was present (Fig. 5C1, C2 , green curve in D). These results led us to the conclusion that the photolytic flash had nothing to do with the calcium response, and that the influx of extracellular calcium caused by the uncaged calcium ionophore is necessary for the induction of waves. The loading of astrocytes with DMNPE-caged Br A23187 without a photolytic flash did not induce a calcium response (data not shown).
Calcium waves are not caused by diffusion of uncaged calcium ionophore Although our results clearly indicate that the uncaging of DMNPE-caged Br A23187 was crucial for the wave induction, there remains the possibility that the uncaged, activated calcium ionophore diffuses around the flashed area, and then increases intracellular calcium in the neighboring astrocytes. Therefore, we tested this possibility.
Focally evoked calcium waves in astrocyte culture have been thought to propagate by gap junction-mediated intercellular passage of chemical signals (Hassinger et al. 1996) and by ATP releasing from stimulated astrocytes (Guthrie et al. 1999) . We investigated whether the wave propagation occurs when both gap junction channels between astrocytes and purinergic receptors were blocked (Fig. 6) . Propagating calcium waves were evoked by photolysis of a caged calcium ionophore (Fig. 6A) . However, in the presence of 300 M DSA, a reversible blocker of gap junction channels, and 100 M suramin, a purinergic receptor antagonist, the wave propagation was markedly inhibited (Fig. 6B) . The mean control ratio increase, an average of increase in the two ratios evoked by two photolytic flashes separated by 20 min, was 143.8€22.4% (mean € SD, n=9, different cultures) (Fig. 6D) . In contrast, treatment of astrocytes with DSA and suramin resulted in a significant decrease in the mean ratio increase: 108.6€8.9% (n=6, different cultures, P<0.01) (Fig. 6D) . The wave propagation recovered when DSA and suramin were washed out (data not shown). These results suggested that gap junction channels and/or purinergic receptors were responsible for the propagation of calcium waves, and that the calcium waves described in this study were not caused by the diffusion of uncaged calcium ionophore around the flashed area.
To confirm further that calcium wave propagation was not caused by diffusion of uncaged calcium ionophore, we analyzed the change in calcium wave propagation evoked by photolytic flash of caged calcium ionophore by treatment of cultures with different blockers or inhibitors of astrocytic calcium waves. In the presence of 300 M DSA or 500 M halothane, the blocker of gap junctions, and 1 mg/ml heparin, the specific antagonist of IP 3 receptor, the ratio increase in intracellular calcium in neighboring astrocytes within a radius of 100 m from the center of the flashed area significantly decreased compared with that of the control (Fig. 7) . The ratio increase in calcium decreased to 109.8€9.0% (n=5, different cultures, P<0.01), 117.7€13.4% (n=4, different cultures, P<0.05) and 105.6€6.0% (n=5, different cultures, P<0.01) in the presence of DSA, halothane and heparin, respectively. Phospholipase C activation necessary for initiation of calcium waves A previous study (Venance et al. 1997) has demonstrated that either mechanical stimulation or focal application of ionomycin, a calcium ionophore, evokes propagating calcium waves in astrocytic cultures. It was postulated that activation of phospholipase C (PLC) is necessary for the initiation and propagation of intercellular calcium waves. We then investigated whether PLC activation was also crucial for the induction of photolytic flash-induced calcium waves described here (Fig. 8) .
Propagating calcium waves were evoked by photolysis of a caged calcium ionophore. The photolytic flash of 1.0 s duration resulted in a marked rise in intracellular calcium both in the flashed astrocyte (arrow in Fig. 8A2 ) and in neighboring cells (Fig. 8A2, A3 ). However, in the presence of 5 M U-73122, an inhibitor of PLC (Venance et al. 1997; Willmott et al. 2000) , the photolytic flash of the same duration did not evoke an appreciable rise in intracellular calcium both in the flashed cell, the same cell shown in Fig. 8A2 (arrow in Fig. 8B2 ), and in neighboring cells (Fig. 8B2, B3 ). The mean ratio increase significantly decreased (n=4, different cultures, P<0.01) in the presence of U-73122 (Fig. 8D) . These results suggested that PLC activation was necessary for the initiation of propagating astrocytic calcium waves evoked by photolysis of caged calcium ionophore.
Conduction distance and velocity of calcium waves
We then investigated whether and how the conduction distance and velocity of photolytic flash-induced intercellular calcium waves changed in the presence of blockers of gap junctions or a purinergic receptor antagonist (Fig. 9) . The conduction distance was defined as a distance between the center of the flashed area and that of the cell in which calcium response, that is, a rise of relative fluorescent intensity above 1.20, was observed. The conduction distance was significantly reduced when the cultures were treated either with DSA or halothane (Fig. 9A) . However, treatment with suramin, a purinergic receptor antagonist, did not result in a significant reduction in the conduction distance (Fig. 9A) . Cotreatment with suramin and DSA reduced the conduction distance of calcium waves. The conduction velocity was also reduced significantly when the cultures were treated with either DSA or halothane (Fig. 9B) . However, suramin treatment did not evoke significant changes in the conduction velocity (Fig. 9B) . The concentration of suramin used here (100 M) seemed to be sufficient for the inhibition of the propagation of calcium waves evoked by mechanical stimulation (Willmott et al. 2000) . These results suggested the possibility that the release of ATP and purinoceptors was not critically involved in the propagation of calcium waves evoked by photolysis of caged calcium ionophore, and that functional gap junctions were crucial for the wave propagation. In fact, the presence of DSA, a reversible blocker of gap junctions (Kawahara et al. 2002; Yamauchi et al. 1996) , markedly suppressed the propagation of photolytic flash-induced calcium waves (Fig. 10 ). In the same culture shown in Fig. 3 , the photolytic flash of 1.0 s duration evoked a marked rise in intracellular calcium in the flashed Fig. 9A , B Changes in the conduction distance and velocity of calcium waves by treatment with DSA, halothane, suramin, and cotreatment with DSA and suramin. The conduction distance was significantly decreased by treatment with either DSA or halothane, but not by suramin (A). The conduction velocity was also reduced significantly by treatment with either DSA or halothane, but not by suramin (B). Error bars indicate SD (*P<0.05, **P<0.01 vs control; n=4-9) The culture used here is the same as shown in Fig. 3 . Note that treatment with DSA markedly inhibited the rise in intracellular calcium in neighboring cells other than cell 2, although the photolytic flash evoked the marked rise in calcium in the flashed cell (cell 1). Scale bar 100 m astrocyte (cell 1), but not in the neighboring cells other than cell 2 (Fig. 10A, B) . This result suggested that the suppressive effects on wave propagation induced by cotreatment with DSA and suramin (Fig. 6) were primarily due to the reduced gap junctional permeability caused by DSA, not to the blocking of purinergic receptors by suramin.
Discussion
This study demonstrated that focal photolysis of a caged calcium ionophore resulted in waves of increase in intracellular calcium in cultured astrocytes from newborn rats. The influx of extracellular calcium into the photolytically flashed astrocyte and functional gap junction channels between cells were required for the initiation and propagation, respectively, of the calcium waves. Biochemically undefined mechanical stimulation has been commonly used to initiate or trigger calcium waves in cultured astrocytes. In contrast, the origin of the calcium waves seems clear in the present method, that is, influx from the extracellular environment.
Previous studies (Beyer et al. 1990; Dermietzel et al. 1991; Scemes et al. 2000) have revealed that astrocytes are coupled to each other by gap junction channels formed mainly by connexin43 (Cx43), and Cx43 channels contribute to about 95% of total junctional conductance. Intercellular passage of chemical signals such as calcium and IP 3 is required for the propagation of waves (Boitano et al. 1992; Hassinger et al. 1996) . In addition to the intercellular communication via gap junction channels, recent findings (Hassinger et al. 1996; Cotrina et al. 1998; Guthrie et al. 1999 ) have shown that there exists an extracellular communication system, in which ATP is utilized as the messenger. Local application of ATP evoked calcium waves and intracellular calcium was decreased by administration of purinergic receptor antagonists in cultured astrocytes (Guthrie et al. 1999) . However, the present results suggested that the extracellular ATP-purinoceptor-signaling pathway did not primarily participate in the propagation of calcium waves evoked by photolysis of caged calcium ionophore.
Long-chain alcohols, heptanol and octanol, or an anesthetic halothane are commonly used to block gap junction channels (Cotrina et al. 1998; Fujita et al. 1998; Scemes et al. 2000) . The mechanisms by which such substances alter the activity of gap junction channels remain unknown. The possibility exists that the blocking effects on gap junction channels of such substances are indirect, and mediated by the stimulation of intracellular second messengers, which subsequently cause uncoupling of cells (Burt 1989) . In fact, there is evidence that octanol inhibits IP 3 -induced calcium release (IICR) (Deutsch et al. 1995) and halothane attenuates the formation of IP 3 (Deutsch et al. 1995; Sill et al. 1991) . Considering these additional drug actions, the dose-dependent decrease caused by octanol and halothane in the amplitude of the rise in intracellular calcium may be due to the inhibition of IICR in the cells themselves. In the present study, 12-doxyl stearic acid (DSA) and halothane were used to block gap junction channels between astrocytes. DSA has been known to rapidly and reversibly uncouple gap junction channels in a dose-and time-dependent manner (Burt 1989; Yamauchi et al. 1996) . DSA-induced inhibition of gap junctional communication does not require a reduction of intracellular pH or pCa (Burt 1989) . In addition, the drug action was completely reversible (Kawahara et al. 2002; Yamauchi et al. 1996) , and DSA itself at the concentration used here (300 M) did not induce the death of astrocytes.
The present study revealed that focal photolysis of DMNPE-caged Br A23187 resulted in a focal increase in calcium in the flashed astrocyte. To date, caged-IP 3 has been used for inducing a focal increase in calcium. Photolysis of caged-IP 3 triggers the release of calcium from the intracellular pool and then increases the amount of intracellular calcium in cardiac myocytes (Jaconi et al. 2000) and in cerebellar Purkinje cells (Inoue et al. 1998 ). However, caged-IP 3 must be directly microinjected into the cells. Intracellular microinjection itself sometimes results in damage to the cells. On the other hand, an acetoxymethyl ester of the photosensitive calcium chelator nitr-5 (caged calcium) has been used for inducing focal increases in intracellular calcium as well. This drug is easily introduced into cells such as fluo-3/AM. The focal photolysis of this molecule results in a rapid increase in intracellular calcium (Gurney et al. 1987; Ashley et al. 1988; Lipp and Niggli 1998) . Thus, focal photolysis of this caged compound may also result in intercellular calcium waves, although we failed to induce calcium waves in astrocytes in our preliminary experiments using this compound.
This study demonstrated that the shorter duration of flash of less than 1.0 s for the photolysis of caged calcium ionophore could not evoke intercellular calcium waves effectively (Fig. 2) . The flash of short duration induced only a transient rise in intracellular calcium in the flashed astrocyte. In contrast, the flash of 1.0 s duration resulted in the persistent rise in calcium in the flashed cell, and in the propagation of calcium waves. In addition, the rise in intracellular calcium in the neighboring cells also persisted for a long duration. These results suggested that the persistent rise in intracellular calcium in astrocytes was necessary for the initiation and propagation of intercellular calcium waves elicited by photolysis of caged calcium ionophore.
The present study has shown that activation of phospholipase C (PLC) was crucially responsible for the initiation of calcium waves (Fig. 8) . Treatment of cultures with 5 M U-73122, an inhibitor of PLC (Venance et al. 1997; Willmott et al. 2000) , markedly reduced the rise in intracellular calcium in the flashed astrocyte, and inhibited propagation of calcium waves. The PLC inhibition unexpectedly resulted in the marked reduction in the rise in calcium in the flashed cell, suggesting that the Ca 2+ influx induced by uncaged calcium ionophore was relatively small. This means that most of the rise in intracellular calcium in the flashed cell observed in this study resulted from a Ca 2+ -dependent increase in intracellular calcium. The exact mechanism for this Ca 2+ -dependent Ca 2+ increase is unclear at present, but one possibility is that the rapid Ca 2+ -dependent activation of PLC leading to the increased production of IP 3 (Venance et al. 1997) would result in the increased Ca 2+ release from the intracellular calcium store. Willmott et al. (2000) as well as our preliminary study have revealed the possible involvement of the NO-cGMPdependent protein kinase signaling pathway in the regulation of astrocytic calcium waves. The NO-cGMPsignaling pathway activates ryanodine receptor-linked calcium release from endoplasmic reticulum (ER) and is involved in the generation and propagation of intercellular calcium waves in astrocytes. Further studies will be needed to clarify as to how endogenously produced NO affects calcium uptake or release in ER, and the propagation of calcium waves.
In conclusion, this study highlights that calcium waves can be evoked by focal photolysis of caged calcium ionophore in cultured astrocytes from newborn rats. Both the conduction distance and conduction velocity seemed to be markedly different from those in the previously described calcium waves evoked by mechanical or electrical stimulation. In addition, the extracellular ATPpurinoceptor signaling pathway did not primarily contribute to the propagation of calcium waves evoked by photolysis of caged calcium ionophore. This method seems to provide a new in vitro model for the analysis of intercellular calcium waves.
